Affinities of Aβ16 peptide and several selected variants for Cu(I) and Cu(II) were determined with new probes and correlated to their binding modes and abilities in promoting ROS generation.
Please note that technical editing may introduce minor changes to the text and/or graphics, which may alter content. The journal's standard Terms & Conditions and the Ethical guidelines still apply. In no event shall the Royal Society of Chemistry be held responsible for any errors or omissions in this Accepted Manuscript or any consequences arising from the use of any information it contains.
Accepted Manuscript
Metallomics www.rsc.org/metallomics
Introduction
While the underlying molecular causes of Alzheimer's disease remain unknown, mis-handling of the Aβ peptides derived from the amyloid precursor protein during recycling may be an initiating event ('the amyloid cascade'). [1] [2] [3] [4] Aberrant metal ion homeostasis appears to contribute by promoting aggregation of the peptides and/or inducing toxic gain of function. [5] [6] [7] In this context, the potential role of the trace metal copper has been emphasised (see ref 8 for a review).
The affinity of Aβ peptides for Cu(II) remains a topic of discussion (see recent reviews 9, 10 ) although a consensus of K D ~10 -10 M is building. [11] [12] [13] On the other hand, the affinity for Cu(I) remains problematical. 14, 15 Spectroscopic data have provided extensive information on the structure of Cu-Aβ complexes and of those of the truncated form Aβ16 (DAEFRHDSGYEVHHQK), in particular. This fragment appears to provide the copper binding sites of highest affinity. The two major coordination forms of monomeric Cu II -Aβ are related by a pK a ~ 7.8, [16] [17] [18] [19] [20] [21] [22] while a single dominant Cu(I) form has been characterised spectroscopically. 23, 24 Rapid ligand exchange processes have been detected. 21, 25 The ability of these complexes to catalyse the production of H 2 O 2 by reduction of O 2 by ascorbate has been explored as a model for the production of reactive oxygen species that may be primarily responsible for inflammation responses. The present work defines the dissociation constants of both Cu(I) and Cu(II) for the peptide Aβ16 under the same conditions using chromophoric and fluorescence probes of appropriate affinities. A new probe for Cu(II) has been developed from the Aβ16 peptide itself while those for Cu(I) were defined in recent work. 26 Application to variant forms of the Aβ16 peptide has correlated the new thermodynamic data with existing spectroscopic structural data while the ability of the Cu complexes of the peptide and its variants to catalyse production of reactive oxygen species is explored.
Materials and general methods
Materials purchased from Sigma included ligands Ferene S (Fs) and Ferrozine (Fz) (as their sodium salts Na 2 Fs and NaHFz), reductants NH 2 OH (as its H 2 SO 4 salt) and ascorbic acid, a copper standard (as a standard solution for calibration of atomic absorption spectroscopy), Amplex Red (also called Ampliflu Red) and horseradish peroxidase (HRP). They were all used as received. Proteins CopK and its variant CopK-H70F were expressed and isolated as reported previously. 27 Peptides Aβ16
(sequence: DAEFRHDSGYEVHHQK), Ac-Aβ16 (Ac-DAEF-RHDSGYEVHHQK); Aβ16-H13A (DAEFRHDSGYEVAHQ-K), Aβ16-H6,13A (DAEFRADSGYEVAHQK); Aβ16-H13,14A (DAEFRHDSGYEVAAQK) were purchased from GL Biochem (Shanghai) with purity estimated at >98 %. Peptides Aβ16-F4W,Y10W,H14A (denoted as Aβ16wwa, DAEWRHDSGWEVHAQK); Aβ16-H6A (DAEFRADSGYE-VHHQK) and Aβ16-H14A (DAEFRHDSGYEVHAQK) were synthesised on site by solid phase peptide techniques. Identity was verified by electrospray ionisation mass spectrometry (ESI-MS) while purity was confirmed to be >98 % by HPLC. Peptide concentrations were estimated from absorbance maxima at ~276 nm using ε max = 1,410 M -1 cm -1 for those Aβ16 peptides containing a single tyrosine residue and using ε = 11,000 M -1 cm -1 at 280 nm for the Aβ16wwa probe peptide containing two tryptophan residues. The concentrations obtained matched those estimated from fluorescence titrations with the copper standard assuming formation of a 1:1 complex. All ligand stock solutions, reaction buffers, reductant solutions and protein solutions were prepared in rigorously deoxygenated Milli-Q water and stored in an anaerobic glovebox (< 1 ppm O 2 ). The working solution of ligand Fs was prepared freshly from aliquots of frozen stock solution stored in a freezer at temperature −80 o C. 26 All reactions involving Cu(I)
were performed anaerobically in the glove-box and transported outside in a capped cuvette for spectroscopic characterisation.
UV-Vis and fluorescence titration
UV-visible spectra were recorded on a Varian Cary 300 spectrophotometer in dual beam mode with quartz cuvettes of 1.0 cm path length. All metal titrations were performed in appropriate buffers and corrected for baseline and dilution. Fluorescence emission spectra were obtained on a Varian Cary Eclipse spectrophotometer. The excitation wavelength was 280 nm with a band pass of 20 nm for both excitation and emission spectra. Spectra were recorded between 290 -600 nm at a scale rate of 600 nm/min. The absorbance of solutions was maintained below A 280 = 0.1 to minimise resorption effects.
Quantification of Cu(I) binding
Data of K D I for proteins and peptides P were obtained from the competition reaction of eq 1 and analysed by eq 2:- 
where K D I ' and K D I refer, respectively, to pH-dependent and pH-independent dissociation constants and pK a is the average proton dissociation constant for the sidechains of the three His residues, taken to be close to 6.5.
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Note that eqs 3 and 4 address protonation equilibria of only those His sidechains that are involved in Cu(I) binding and assume negligible influence from other residues not involved directly in the binding to Cu(I).
The experiments were conducted within the pH range 5. 
(1 + 10 pKa -pH + 10 2pKa -2 pH + 10 3pKa -3pH )
[Cu]tot = 1 -
within experimental error, for control Cu(I) complexes of protein CopK and its variant H70F following the same approach, again using [Cu I (Fs) 2 ] 3-as the determining probe (see Table S1 ). The Cu(I) sites in both CopK proteins are defined by four methionine sidechains arranged tetrahedrally and so their Cu(I) binding affinities are expected to be pH-independent. A pre-condition for a meaningful quantitative analysis via eq 6 is that
. To assist such analysis, an Aβ16 variant Aβ16wwa was designed and synthesised. Phe4 and Tyr10 were each replaced with Trp and His14 was replaced with Ala. Upon excitation at 280 nm, the fluorescence emitted by Aβ16wwa at 360 nm was at least 100-fold more intense than that by Aβ16. Binding of paramagnetic Cu(II) to Aβ16wwa quenched this intense fluorescence sensitively. Consequently, the experimental concentration of P = Aβ16wwa could be varied significantly to allow equilibrium of eq 5 to be imposed. This, in turn, allowed analysis under the conditions imposed by eq 6. To minimise potential interference of putative Cu II -B complex(es) in eq 5, the titration was conducted in a minimal concentration of MOPS or HEPES buffers, both of which exhibit a low affinity for Cu(II). 
Quantification of Cu(II) binding via ligand competition
(10)
where the term [Gly] in eq 9 is the free Gly concentration at equilibrium in eq 7 and its calculation was detailed in ref 12 .
Note that Gly is a neutral zwitterion in solution at pH 7.4 but is uni-negative when bound as a ligand to Cu II . For simplicity, these protonation states are not reflected in the notation of eq 7-9. A pre-condition for eqs [7] [8] 
An additional estimate of K D II for Aβ16wwa was made by application of an independent Cu(II) competing ligand nitrilotriacetic acid (NTA). The details are given in the supporting information and Figure S3 .
Quantification of Cu(II)-binding to selected Aβ β β β16 peptides with probe Aβ β β β16wwa
The Cu(II) affinities of Aβ16 and its variants were determined conveniently based on competition for Cu(II) with the probe peptide Aβ16wwa:-
(13)
[ The experiments were conducted as two types of complementary titrations. In the first, fluorescence intensity was quenched by titration of aliquots of CuSO 4 (10 µL, 80 µM) into a 2.0 mL solution in MOPS (10 mM, pH 7.4) containing either Aβ16wwa (2.0 µM) alone or both Aβ16wwa and the target peptide (each 2.0 µM). In the second, fluorescence intensity was recovered by titration of aliquots of the target peptide (4.0 µL, 500 µM) into a 2.0 mL solution in MOPS (10 mM, pH 7.4) containing Aβ16wwa (2.0 µM) and Cu(II) (1.6 µM). The Cu(II) speciation was analysed via eq 11 in both cases.
Catalytic aerobic oxidation of ascorbate and generation of H 2 O 2
Generation of H 2 O 2 by catalytic aerobic oxidation of Asc was monitored by UV-Vis spectroscopy via an assay based upon the dye Amplex Red 31 using an experimental procedure described recently. 32 The solution conditions for a typical reaction were: than the other test solutions due to its higher relative reaction rate.
The apparent reduction potentials of the copper centres in various Cu-Aβ16 complexes were estimated from the relative affinities of the peptides for Cu(I) and Cu(II) via the Nernst relationship of eq 14:- (14) where E o = 153 mV (vs SHE) is the standard reduction potential of Cu 2+ /Cu + .
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Results and Discussion
Aβ β β β16 binds Cu(I) with sub-nanomolar affinity The latter value was consolidated recently by an independent study. 35, 36 At least two His are involved in Cu(I) binding to Aβ β β β16 but the Nterminal amine is not Spectroscopic examination has implicated the His sidechains of the Aβ16 peptide DAEFRHDSGYEVHHQK as Cu(I) ligands. 21, [23] [24] [25] The N-terminal amine and carboxylate sidechains may also be involved.
The affinities of a number of variants of Aβ16 were investigated with probe Fs (Figure 2 ; Table 1 ). Probe Fz is less satisfactory in these systems as its affinity for Cu(I) is too high to allow effective competition. Substitution of any one of the three His residues with non-binding Ala reduced the affinities of the resultant peptides H6A, H13A and H14A by factors of between two and five. Removal of two His residues decreased the affinity of H6,13A and H13,14A by factors of >50 and >250, respectively. On the other hand, acetylation of the Nterminus (Ac-Aβ16) did not alter the affinity of the peptide for Cu(I). The Cu(I) affinity of the triple mutant probe peptide F4W,Y10W,H14A (i.e., Aβ16wwa) is indistinguishable from that of the single mutant H14A (Table 1 ).
These experiments demonstrate that (i) at least two His sidechains are required for effective binding of Cu(I) but that all three His ligands contribute significantly; (ii) the N-terminal amine is not a Cu(I) ligand; (iii) substitution of residues not involved directly in Cu(I) binding (e.g., aromatics F4, Y10) has little impact on the affinity, consistent with the structural flexibility of the peptide. The sensitivity of the derived K D I values to the availability of the three His residues suggested that this parameter may be pHdependent. His sidechains exhibit characteristic pK a values of 6.0-6.5 and an average pK a value of the three His sidechains in an Aβ28 peptide was estimated to be 6.53. 28 Consequently, at pH < 7, protons may compete with Cu(I) for these sidechains. K D I for Aβ16 is sensitive to pH (black circles; Figure 3a ).
With both K D I and pK a as fitting parameters, the experimental data were fitted satisfactorily to eq 3 assuming the availability of two His ligands only (black trace). Fitting to a model that assumes the availability of all three His ligands (eq 4) was less adequate (red dotted trace; Table 1 ). The essential difference is that the average pK a = 6.5 derived from the two-His model is the same as that determined independently by NMR 28 while the value of 6.1 derived from the three-His model is significantly smaller (Table 1) . However, when the parameter pK a was constrained to the experimental value 6.5 so that K D I was the only fitting parameter, the curve fitting remained optimal for the two-His model but was unsatisfactory for the three-His model (Figure 3a : black trace versus green dotted trace; Table  1 ).
Further support for the two-His model is provided by the equivalent experiments for the three Aβ16 variants H6A, H13A and H14A (Figure 3b(iii-v) ). Their K D I values are also pH sensitive and the relationship in each case was described satisfactorily by the two-His model (eq 3) with both K D I and pK a values derived from the curve-fitting matching those experimental values ( Figure 2 ; Table 1 ). Each variant peptide features two His residues only and so can contribute a maximum of two His sidechains for Cu(I) binding. The equivalent experiment for Ac-Aβ16 (acetylated at the N-terminus) generated similar results to those for Aβ16 itself (Figure 3b , (i) vs (ii); Table 1 ), although the former carries one . It also re-affirms that the N-terminus is not involved in Cu(I) binding.
Taken together, these experiments provide strong evidence that the Cu(I) site in Aβ16 includes two only of the three available His ligands. This conclusion is supported by X-ray absorption spectroscopy and theory. 21, 23, 24, 37 On the other hand, the data of Figures 2 and 3 and Table 1 demonstrate that replacement of any one of the three His residues in Aβ16 led to a marginal decrease only in Cu(I) binding affinity (i.e., any two will do) but that replacement of any two His ligands disabled the binding site. When combined with the NMR study, 21 the data are consistent with the presence of solution dynamic processes that exchange Cu(I) between the three available pairs of His ligands (Figure 4 ). This dynamic nature proves to be important for redox cycling in the catalytic production of H 2 O 2 (vide infra). 
Development of a highly fluorescent peptide probe for estimation of Cu(II) affinities
The well-characterised Cu(II) ligand Gly has been used as an affinity standard to determine the Cu(II) affinities of Aβ peptides. Spectroscopic approaches have relied on the fluorescence emission of the single Tyr residue in Aβ peptides as the detection probe. However, both detection sensitivity and specificity are compromised by the relatively weak emission intensity of Tyr and interference from secondary Cu(II) binding sites. 13 A probe based upon the Aβ peptide was designed by replacement of aromatic residues Phe4 and Tyr10 with Trp to increase detection sensitivity and of His14 by Ala to suppress secondary Cu(II) binding. The resultant peptide Aβ16wwa exhibited excellent properties as a probe for quantification of Cu(II) binding to other Aβ peptides: (i) it binds either Cu(I) or Cu(II) with affinities indistinguishable from those of H14A (see Tables 1, 2 ); (ii) it emits fluorescence (λ ex , 280 nm; λ em 360 nm) that is an order of magnitude more intense than that of the Aβ16 peptide at 310 nm or more than two orders of magnitude more intense than that at 360 nm ( Figure 5a ); (iii) at a concentration of 20 µM, it responds sensitively to Cu(II) binding with a distinct turning point at one equivalent of Cu(II) with evidence of further binding to a second equivalent ( Figure  5b , blue trace). In contrast, the response of Aβ16 to Cu(II) binding is much less sensitive and poorly defined with up to three equivalents of Cu(II) binding detectable under the same conditions (Figure 5b , red trace). 38 On the other hand, the high emission intensity of the Aβ16wwa probe allows its experimental concentration to be reduced significantly. At concentrations between 0.2 and 2.0 µM, 39 Cu(II) binding to the weaker site was suppressed while that to the stronger site remained dominant (Figure 5c ). Even at the lowest peptide concentration of 0.20 µM, ≥ 94% of total added Cu(II) was estimated to be bound by the peptide after addition of one equivalent of Cu(II) titration. Consequently, an affinity of K D II ≤ 10 -9.1 M may be estimated from eq 6 without consideration of the possible contribution of Cu(II) binding to the MOPS buffer at 1.0 mM. However, in either case, the degree of complex formation was too high (>90%) to allow a reliable estimation of K D
II
. 40 These experiments demonstrate that: (i) the second binding site for Cu(II) in Aβ16wwa is relatively weak; (ii) direct metal ion titration defines the binding stoichiometry of Cu(II) : peptide = 1.0 for the stronger site but can provide an approximate value only for the binding affinity: K D II ≤ 10 -9.1 M.
The detection sensitivity for the parent Aβ16 peptide is lower by a factor of ~100, thereby limiting estimation of its affinity to K D II < 10 -7 M with high uncertainty. This provides an answer to the puzzle of why the Cu(II) affinities acquired in the past for Aβ peptides via direct metal ion titration were scattered so widely. 11, 13, 20 It is apparent that the Cu(II) affinity of the Aβ16wwa probe is too high (i.e., K D II is too small) to be determined by direct metal ion titration and a ligand competition approach is required for reliable estimation. 12 Glycine (Gly) and nitrilotriacetic acid (NTA) are two suitable competing ligands. Experimental results with Gly are described below and those with NTA are given in the Supporting Information and Figure  S3 .
Gly binds Cu(II) to yield 1:1 and 1:2 complexes with formation constants K A1 = 10 6.07 and K A2 = 10 4.77 M -1 at pH 7.4. 43 The fluorescence intensity of an Aβ16wwa solution (2.0 µM) in MOPS buffer (10 mM, pH 7.4) was quenched markedly by addition of Cu 2+ (0.80 equiv) but was recovered almost quantitatively (>95%) by titration of a large excess of Gly (>10 mM; Figure 6a ). This demonstrates that: (i) Cu(II) bound to the peptide can be removed reversibly; (ii) Gly imposes no discernable inner-filter effect; (iii) the inner-filter effect of Cu Table 2 and Figure S3 ). ) and low emission intensity at the detection position (360 nm), the target peptides may still impact on the observed fluorescence intensity when in large excess ( Figure S5b ). This follows from a combination of inner-filter and fluorescence effects of the target peptides. However, in the present systems, the impact was negligible when the target peptide was restricted to no more than two equivalents relative to Aβ16wwa (Figures  5a, S5a) .
Estimation of the affinities of Aβ
At pH a estimated using N-(2-acetamido)-2-aminoethanesulfonic acid (ACES) as both proton buffer (20 mM, pH 7.4) and Cu(II) affinity standard and ITC as detection probe. Table 3 . (Table 2) . 11, 13 Substitution of any one of the three His residues by Ala decreased the affinity for Cu(II) marginally (by 2-3 fold; Figures 7a,b, S4; Table 3 ). In addition, K D II values for H14A and Aβ16wwa were the same within experimental error, confirming that removal of the aromatic residues has little impact on the copper binding chemistry. It appears that, as for the case of Cu(I), any two of the three His ligands can contribute to binding of Cu(II) and that a dynamic exchange equilibrium is present. However, the K D II value of H13,14A is identical to that of H6A but is three-fold smaller than that of H6,13A (Table 3) . This is consistent with His6 playing a more important role than either His13 or His14 in Cu(II) binding. These observations are in agreement with a current Cu(II) binding model that suggests that His6 is an essential equatorial ligand while a second equatorial ligand is provided interchangeably by either His13 or His14 (Figure 8 ). 8 On the other hand, acetylation of the N-terminal nitrogen leads to a dramatic decrease of affinity by more than an order of magnitude (Figures 7a,b, S4 ; Table 3 ), demonstrating that the N-terminal nitrogen is another key Cu(II) ligand (Figure 8 ). These data support previous analysis of relative affinities, 11, 42 but provide a sensitive and reliable basis for detection of these differences experimentally (Table 3) . Analysis of the relative affinities for Cu(II) in Ches ((cyclohexylamino)ethanesulfonic acid) buffer at pH 9.0 provides a somewhat different story (Figure 7b) . Overall, His ligands and the N-terminal nitrogen appear to make lesser contributions to the Cu(II) binding than those at pH 7.4 although the influence of His6 remains unchanged ( Figure 7 ; Table 3 ). This suggests that increasing pH promotes deprotonation of the Ala2 backbone amide for Cu(II) coordination and formation of the so-called component II (Figure 8 ).
8 Consistent with this model, variant peptides H13A, H14A and H13,14A all display affinities for Cu II that are only marginally weaker than that of the wild-type peptide ( Figure  7b ; Table 3 ). It appears that neither His13 nor His14 are crucial ligands in component II. In contrast, both H6A and H6,13A variants show a significant reduction in affinity (Figure 7b ; Table 3 ). Current models require only one His ligand for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Table 3) supports the proposed change in coordination environment in component II (Figure 8 ), as observed by a variety of spectroscopic techniques 44 including EPR, CD and NMR. 16, 45 Catalytic aerobic oxidation of ascorbate and generation of H 2 O 2 A common feature in Alzheimer's disease is oxidative stress caused by reactive oxygen species (ROS). It has been proposed that one source is undesirable redox chemistry imposed by Cu bound to the disease proteins/peptides including, most importantly, the Aβ peptides. 46 Ascorbic acid is an abundant physiological reductant in the central nerve system (CNS) and is important as a neuromodulator and/or neuroprotective agent in the brain. 47 opportunity for an integrated study to correlate these thermodynamic properties with their efficiencies for generation of H 2 O 2 via catalytic aerobic oxidation of Asc. The catalytic reaction was followed by UV-visible spectroscopy ( Figure 9) . 31 While the 'free Cu aq 2+ ion' is a robust catalyst, the redox-inactive complex [Cu Table 4 ). Overall, the catalytic activity decreases in the following order of ligand environments (relative to that for Aβ16-wt taken as unity):- Aerobic oxidation of ascorbate may be represented by two redox half-reactions: two-electron oxidation of Asc to dehydroascorbate coupled to two-electron reduction of O 2 to H 2 O 2 ( Figure 10 ). Their respective reduction potentials at pH 7.0 are about +50 mV 51 and +300 mV 52 and hence the oxidation is a thermodynamically favored process. However, the reaction is very slow without a catalyst and the catalytic activity of a Cu centre depends on the efficiency of redox cycling between its Cu I and Cu II forms. This, in turn, is determined by both thermodynamic and kinetic factors. The molecular basis of the order of catalytic activity defined by eq 15 may be analysed with regard to both factors. Thermodynamically, the reduction potential of a favoured catalyst must fall within the range +50 and +300 mV. 'Free Cu 2+ ion' is a robust catalyst likely due to its reduction potential (+153 mV vs SHE) falling about midway in this range and the presence of exchangeable aqua ligands only. The formal reduction potential of a copper centre is linked via the Nernst equation (eq 14) to the relative binding affinities of the different oxidation states. Both Cu(I) and Cu(II) affinities in selected Aβ16 peptides have been determined at the same pH = 7.4 in this work and are listed in Table 4 . The calculated reduction potential for the copper centre in Aβ16 (E o ' = +178 mV) closely matches an experimental value (E 1/2 = +180 mV) 21 determined by direct electrochemistry and predicts it to be a competent catalyst. In contrast, the same calculations based on log K D I = -7 15 or -15 14 complexes of the Aβ16 peptide are distinctly different: redox cycling will require energy input for structural reorganisation ( Figure 11 ). On the other hand, free Cu ions are under tight control in living cells and are present in tightly-bound forms only. Acetylation of the N-terminal nitrogen has little impact on Cu(I) binding but removes a key Cu(II) ligand and consequently shifts the predicted reduction potential positively to a value (E o ' = +277 mV) that promotes oxidation of Asc but does not favour reduction of O 2 . This is consistent with the catalytic activity of Ac-Aβ16 being ~30 % of that of Aβ16-wt (eq 15). The result is also consistent with the properties of a copper centre bound to the second domain of the amyloid precursor protein (APP-D2): it exhibits similar affinities and catalytic activities to those of the copper centre in Ac-Aβ16. 32 Interestingly, APP may be processed in vivo by two enzymes, the α/β secretases, in two mutually exclusive pathways (i.e., so called non-amyloidogenic and amyloidogenic pathways) to secrete two soluble forms of APP N-terminal fragments, sAPPα and sAPPβ. The former cleaved site is within the Aβ sequence between the position 16 and 17 whereas the latter is located right before the N-terminus of the Aβ sequence. Consequently, while both fragments contain Cu site in APP-D2, sAPPα differs from sAPPβ by having a Cterminal 16 amino acid extension equivalent to Ac-Aβ16 in term of Cu binding sites. Our experiments suggest that the Cu sites in APP-D2 and Ac-Aβ16 may be neuroprotective in a sense that ROS generation in the CNS by the Cu-Aβ catalyst may be suppressed partially by competitive Cu(I) binding with APP-D2 and Ac-Aβ16 (Figure 9b,c, iii vs v) . 32  Notably, it has been reported that sAPP shows a range of neuroprotective and growth factor properties, including reduction of neuronal injury and improvement in memory performance, in contrast to the generally less potent sAPPβ. [53] [54] [55] [56] Intriguingly, the predicted reduction potential for the copper centre in each of the three single His variants H6A, H13A and H14A is similar to that in the original Aβ16 peptide. However, mutation on His6 decreased activity by > 20% while mutation of either of the other two increased the activity by ~ 50%, i.e., the copper centres in the H13A and H14A copper complexes are twice as active as that in H6A ( Figure 9 ; Table 4 ). An electrochemical study has proposed a pre-organisation mechanism for electron exchange between the Cu(I) and Cu(II) forms. 57 His6 is an important ligand for both Cu(I) and Cu(II) at pH 7.4 while either His13 and His14 can contribute but play a more important role in binding to Cu(I) than to Cu(II). The data suggests that retention of the His6 ligand is important for optimisation of the rate of electron exchange at pH 7.4 ( Figure  11 ). Copper ions in the presence of the double His variants (H6,13A and H13,14) exhibit higher catalytic activities (Table  4) . However, these data need to be interpreted cautiously, as the binding affinities of these variants are significantly weaker, in particular for Cu(I) ( Table 4 ). The observed high activities may be related to a significant level of unbound or partially aquated Cu under the conditions. Interestingly, addition of Cu 2+ into an equimolar mixture of Aβ16 and Ac-Aβ16 produced an activity that was about the average of the combined activities of Aβ16 and Ac-Aβ16 ( 
Summary and concluding remarks
The Aβ peptides of 40-42 residues are the primary components of the extracellular senile plaques deposited in the AD brain and are proposed as a source of toxicity. The plaques are rich in transition metals Cu, Zn and Fe and the toxicity may be linked to oxidative stress induced by catalytic oxidation mediated via redox-active metal ions and copper ions in particular. The thermodynamic viability of a copper centre as a redox catalyst is linked to its reduction potential that, in turn, is determined by the relative stabilities of the two-oxidation states (eq 14).
However, these stabilities, as measured by dissociation constants K D (affinities) for Cu(I) and Cu(II) bound to Aβ peptides, have remained controversial, primarily due to a lack of reliable detection probes and affinity standards.
All . This value matches E 1/2 = 180 mV determined directly by cyclic voltammetry. 21 Consequently, the complex is predicted to be a robust redox catalyst for oxidation of Asc (~ +50 mV) by dioxygen (~ +300 mV) to generate H 2 O 2 and thus other ROS. Its catalytic activity is about 25% that of 'free Cu aq 2+ ' (E o ' = + 153 mV), consistent with the distinct Cu(I) and Cu(II) binding modes present in Aβ16 and the consequent pre-organisation energy required for the redox switching.
These new thermodynamic data consolidate the structural interpretations for the Cu-Aβ complexes deduced previously by spectroscopic investigations and provide molecular insight into the mechanism of ROS production by copper chemistry and of oxidative stress in Alzheimer's disease.
